The lpxB gene of Escherichia coli, believed to be the structural gene for lipid A disaccharide synthase, is located in the min 4 region of the chromosome. It is adjacent to and clockwise of the lpxA gene, which is thought to encode UDP-N-acetylglucosamine acyltransferase. Preliminary 
The outer membrane of Escherichia coli is composed of two lipid monolayers that are chemically distinct (25) . The inner monolayer of the outer membrane consists primarily of glycerophospholipids and is thus similar in lipid composition to the two monolayers of the inner membrane. In contrast, lipopolysaccharide (LPS) is the major component of the outer monolayer of the outer membrane (19, 24) . LPS is a complex molecule that has three structural domains: an 0-antigen domain that extends into the growth medium, a core oligosaccharide that is conserved among gram-negative bacteria, and a lipid A moiety (27) . Lipid A, which is a phosphorylated glycolipid, anchors the LPS molecule to the outer membrane and causes LPS to have endotoxic and immunostimulatory properties (9, 18, 24, 25, 27) .
Although the pathway leading to lipid A biosynthesis has not been completely elucidated, several enzymes believed to be involved in lipid A biosynthesis have been detected in crude extracts of E. coli (1, 5, 26,) . The first putative step in lipid A biosynthesis is catalyzed by UDP-N-acetylglucosamine acyltransferase (1) (Fig. 1) . This enzyme transfers a ,-hydroxymyristoyl moiety from ,-hydroxymyristoyl acyl carrier protein to the 3 position of the glucosamine ring of UDP-N-acetylglucosamine. The UDP-3-O-acyl-N-acetylglucosamine product thus formed then undergoes substitution at the 2 position of the glucosamine ring ( Fig. 1.) in the presence of E. coli crude extracts and P-hydroxymyristoyl acyl carrier protein to form UDP-2,3-diacylglucosamine (1, la, 2). Extracts of E. coli also catalyze the hydrolysis of UDP-2,3-diacylglucosamine ( Fig. 1 ) to 2,3-diacylglucosamine-i-phosphate (1) . The first putative disaccharide precursor of lipid A is generated by lipid A disaccharide synthase ( Fig. 1) , which catalyzes the reaction UDP-2,3-diacylglucosamine + 2,3-diacylglucosamine-1-phosphate * Corresponding author.
2',3'-diacylglucosamine (p1 -* 6) 2,3-diacylglucosamine-1-phosphate + UDP (26) . This tetraacyl-disaccharide-1-phosphate compound is then converted by a series of reactions ( Fig. 1) to mature lipid A (25, 26a) .
The elucidation of the lipid A biosynthetic pathway began with the isolation of a mutation in the lpxB gene (21, 25) . This mutation, called lpxBI, causes E. coli cells to accumulate UDP-2,3-diacylglucosamine and 2,3-diacylglucosamine-1-phosphate (22, 30) and, in the presence of mutations in the gene encoding phosphatidylglycerophosphate synthase (pgsA), also causes temperature-sensitive growth (20) . The interaction between mutations in lpxB and pgsA is unclear, but cells harboring the IpxBl lesion lack lipid A disaccharide synthase activity (26, 30) . Overproduction of lipid A disaccharide synthase by increased gene dosage (i.e., plasmidborne copies of lpxB) has been demonstrated, arguing that lpxB is the structural gene for this enzyme (5) .
The lpxB gene is located 631 base pairs (bp) counterclockwise of dnaE on the E. coli chromosome (5, 20, 28, 31) . Furthermore, a recently discovered gene called IpxA, which directs the synthesis of UDP-N-acetylglucosamine acyltransferase activity, is located immediately counterclockwise of lpxB (1, 5) . The lpxA and lpxB genes are both transcribed in the clockwise direction, toward dnaE, and preliminary evidence suggests that they may be cotranscribed (5) .
We have now determined the complete nucleotide sequence of the lpxB gene and identified the codon that initiates translation of IpxB. Sequences flanking lpxB in both directions suggest that there are several overlapping genes, including IpxA, IpxB, and dnaE (31) , in the min 4 (1, la, 2, 25, 26, 26a, 30) . Abbreviations: ACP, acyl carrier protein; R, P-hydroxymyristoyl moiety; U, uridine; KDO, 2-keto-3-deoxyoctulosonic acid; GlcNAc, N-acetylglucosamine; GlcN, glucosamine; P, phosphate. (29) , found immediately upstream of this unidentified open reading frame, is underlined. Transcription of these genes proceeds in the clockwise direction with respect to the E. coli chromosome (i.e., from top to bottom of the figure).
was performed as described by Maxam and Gilbert (16) and E. coli cells was performed as described (15 (5, 31). An overlapping 2.5-kb HinclI fragment also carries the lpxB gene (5) . The 1.5-kb overlap between these fragments was sequenced by the method of Maxam and Gilbert (16) to identify the lpxB coding region. The lpxB+ plasmid pDC4, which has been described (5), was the source of all fragments used in the sequencing of lpxB. The sequencing strategy and the locations of relevant restriction enzyme recognition sites are shown in Fig. 2 .
The sequence of the 1,522-bp PvuII-HincII overlap described above is shown in Fig. 3 (10) throughout the lpxB open reading frame was low (Fig. 4) , arguing that no frame shift errors exist in the sequence.
The sequence shown in Fig. 3 (10) in the lpxA open reading frame was also low (Fig. 4) , arguing against frameshift errors in the sequence. The overlap between the lpxA and lpxB open reading frames suggested that these genes were cotranscribed, because transcription termination downstream of lpxA would prevent lpxB expression. This hypothesis was supported by the observation that no obvious ribosome-binding sites (29) or promoter sequences (11) were found upstream of lpxB in the IpxA codinig region, suggesting that perhaps these genes are translationally as well as transcriptionally coupled (23) .
A methionine codon that presumably initiates translation downstream of IpxB in the clockwise direction overlapped the opal codon that terminates the lpxB coding region (Fig.  3) , arguing that at least three genes are cotranscribed and translationally coupled (31) . This methionine codon was preceded by a consensus ribosome-binding site (Fig. 3) (29) . In addition, the overlap between lpxB and the open reading frame that begins with this codon was strikingly analogous to the overlap between IpxA and lpxB. The recently determined nucleotide sequence of dnaE and its flanking DNA (31) overlaps and agrees with the nucleotide sequence reported here by 191 bp. These two sequences predict that this downstream gene is 642 bp in length and support our hypothesis that a gene clockwise of and overlapping with lpxB is translated in the clockwise direction toward dnaE.
Properties of the lpxB gene product. The nucleotide sequence of the lpxB gene allowed certain predictions to be made about the physical nature of the IpxB gene product. The amino acid sequence predicted by the nucleotide sequence of lpxB was analyzed by the computer programs of the University of Wisconsin Genetics Computer Group and the computer programs of Kyte and Doolittle (6, 13), as modified by Michael Gribskov, University of WisconsinMadison. These analyses predicted that the lpxB gene product is a predominantly hydrophilic protein with a molecular weight of 42,339 (Fig. 5) . This prediction agrees with the observation that 70% of the lipid A disaccharide synthase activity in E. coli crude extracts remains in the supernatant after centrifugation at 100,000 x g for 2 h (26). The Kyte and Doolittle analysis also predicted that the lpxB gene product has regions of hydrophobicity. This is consistent with the knowledge that lipid A disaccharide synthase converts membrane-associated substrates (22) into an extremely hydrophobic product, which suggests that the enzyme interacts, at least transiently, with membranes.
Construction of a hybrid lpxB-lacZ gene. To confirm the location of the lpxB initiation codon, a hybrid lpxB-lacZ gene was constructed (Fig. 6) . The protein product of. this gene consisted of an amino-terminal domain corresponding to the amino terminus of the lpxB gene product and a carboxyterminal domain corresponding to P-galactosidase. This fusion protein was purified as described below, and its aminoterminal sequence was determined.
The details of the cloning procedure were as follows. The 2.9-kb BamHI fragment of pDC4 was prepared as described in Materials and Methods. This DNA fragment was treated with the Klenow fragment of DNA polymerase I in the presence of the four deoxyribonucleoside triphosphates. This treatment was expected to generate a blunt end within the lpxB coding region that would result in a translational fusion between lpxB and lacZ when ligated to pMC1403 (4) at the SmaI site. The fusion vector pMC1403 was digested with SmaI and then mixed with the blunt 2.9-kb BamHI fragment of pDC4. This mixture was treated with T4 DNA ligase and then used to transform strain RZ211 to Ampr lac+. As Purification of the lpxB-IacZ gene product. E. coli RZ211 cells carrying pMC1403-22 were grown in LB medium to late log phase (A550, 1.0), sedimented, and suspended (10 mi/liter of culture) in 10 mM Tris hydrochloride (pH 8.0) containing the protease inhibitors a2-macroglobulin (30 ,ug/ml) and phenylmethylsulfonyl fluoride (50 ,ug/ml). The cell suspension was then passed through a French pressure cell at 18,000 lb/in2, and unbroken cells were sedimented by centrifugation at 2,000 x g for 10 min. Triton X-100 was added to the crude extract to a final concentration of 2%, and the membrane fraction was removed by centrifugation at 100,000 x g for 2 h. The sample was then divided into 5-ml portions and stored at -70°C. This crude extract contained approximately 18 Two 5-ml portions of this crude extract were thawed and combined. Sodium chloride was added to a final concentration of 150 mM, and the sample was loaded (5 ml/h) onto a 1-ml monoclonal anti-p-galactosidase immunoaffinity column (a gift from Promega Biotec, Madison, Wisc.) that was preequilibrated at 4°C in 10 mM Tris hydrochloride (pH 8.0-2% Triton X-100-150 mM NaCI. After the sample was loaded, the column was washed with 5 ml of 10 mM Tris hydrochloride (pH 8.0)-S150 mM NaCI. The fusion protein was then eluted from the column with 3 ml of 100 mM NaHCO3-Na2CO3 (pH 10.8). The 3-ml eluant was collected and concentrated on a centricon 30 microconcentrator. The retentate (0.2 ml) was then diluted with 2 ml of 10 mM Tris hydrochloride (pH 8.0)-0.1% sodium dodecyl sulfate (SDS) and re-concentrated. This sample, which contained approximately 400 ,ug of fusion protein as judged by SDS-10% polyacrylamide gel electrophoresis (Fig. 7) , was loaded onto a preparative SDS-7.5% polyacrylamide gel. Following electrophoresis, the 136,000-molecular-weight protein was visualized by staining with Coomassie blue R-250, excised from the gel, and harvested by electroelution into 10 mM ammonium bicarbonate. Fifty micrograms (368 pmol) of purified protein was obtained.
Amino-terminal sequence analysis of the lpxB-lacZ gene product. Amino-terminal sequence analysis of the purified fusion protein (200 pmol) was done by automated Edman degradation (8) at the University of Wisconsin Biotechnology Center with an Applied Biosystems 470A protein sequencer. The phenylthiohydantoin-amino acid (PTH-amino acid) product from each cycle of Edman degradation was analyzed by high-pressure liquid chromatography on an IBM Instruments LC/9533 with an IBM C18 column.
The yields of PTH-amino acids were somewhat low, decreasing from 57 pmol in the first cycle of Edman degradation to 16 pmol in the fourth cycle. PTH-threonine (40 pmol) was the predominant PTH-amino acid detected in cycle 1, but 17 pmol of PTH-methionine was also present. In cycle 2, 23 pmol of PTH-glutamate was detected. Both PTH-glutamate and PTH-glutamine were detected in cycle 3. In cycle 4, 16 pmol of PTH-arginine was present. The background increased by cycle 5, making further identification impossible. This analysis suggests that most of the sequenced protein had the amino-terminal sequence ThrGlu-Gln-Arg. These results also suggest that some of the sequenced protein had the amino-terminal sequence MetThr-Glu-Gln-Arg. This sequence agrees with the aminoterminal sequence predicted by the nucleotide sequence of lpxB. We therefore conclude that we have identified the correct initiation codon for lpxB.
DISCUSSION
Previous data have established the sizes, locations, and direction of transcription of lpxA and lpxB and have argued for their cotranscription (5 constitute part of an operon consisting of three or more genes. We are currently studying the structure of lpxA and lpxB transcripts and also studying polarity in this region of the chromosome to determine whether these genes are, in fact, part of an operon. The results described above also suggest that lpxA and lpxB are translationally coupled (i.e., translation of lpxB requires translation of lpxA) (23) . This hypothesis is supported by the observations that no consensus ribosome-binding site (29) (Fig. 8) .
The dnaE gene of E. coli encodes the polymerase (a) subunit of DNA polymerase III (32) , the major enzyme responsible for chromosomal DNA replication. DNA replication is a process that is dependent on the rate of cell division. Since conditionally lethal mutations that affect lipid A biosynthesis have been reported (20, 21, 25) 
